Diffuse optical spectroscopy (DOS) and imaging are emerging diagnostic techniques that quantitatively measure the concentration of deoxy-hemoglobin (ctHHb), oxy-hemoglobin (ctO 2Hb), water (ctH 2O), and lipid in cm-thick tissues. In early-stage clinical studies, diffuse optical imaging and DOS have been used to characterize breast tumor biochemical composition and monitor therapeutic response in stage II/III neoadjuvant chemotherapy patients. We investigated whether DOS measurements obtained before and 1 week into a 3-month adriamycin/cytoxan neoadjuvant chemotherapy regimen can predict final, postsurgical pathological response. Baseline DOS measurements of 11 patients before therapy revealed significant increases in tumor ctHHb, ctO 2Hb, ctH 2O, and spectral scattering slope, and decreases in bulk lipids, relative to normal breast tissue. Tumor concentrations of ctHHb, ctO 2Hb, and ctH2O dropped 27 ؎ 15%, 33 ؎ 7%, and 11 ؎ 15%, respectively, within 1 week (6.5 ؎ 1.4 days) of the first treatment for pathology-confirmed responders (n ‫؍‬ 6), whereas nonresponders (n ‫؍‬ 5) and normal side controls showed no significant changes in these parameters. The best single predictor of therapeutic response 1 week posttreatment was ctHHb (83% sensitivity, 100% specificity), while discrimination analysis based on combined ctHHb and ctH 2O changes classified responders vs. nonresponders with 100% sensitivity and specificity. In addition, the pretreatment tumor-to-normal ctO 2Hb ratio was significantly higher in responders (2.82 ؎ 0.44) vs. nonresponders (1.82 ؎ 0.49). These results highlight DOS sensitivity to tumor cellular metabolism and biochemical composition and demonstrate its potential for predicting and monitoring an individual's response to treatment.
O
ptimal management locally advanced breast cancer (LABC) remains a complex therapeutic problem (1) . LABC represents 5-20% of all newly diagnosed breast cancers in the United States with a higher incidence in medically underserved areas (2) . Treatment for LABC has evolved from radical mastectomy to preoperative neoadjuvant chemotherapy followed by mastectomy or breast conservation therapy (3) . Despite aggressive local therapy, long-term patient survival is still poor. LABC remains controversial because of uncertainties in determining the optimal intensity and duration of neoadjuvant chemotherapy and evaluating therapeutic response (2, 4, 5) .
Neoadjuvant chemotherapy response is determined by serial physical examination, mammography and/or ultrasound. Complete pathological response (cPR) is an important therapeutic endpoint that is a surrogate for eradicating micrometastases, and strongly correlates with patient survival (6) . Thus one goal of neoadjuvant chemotherapy monitoring is to determine early when a patient will demonstrate cPR. Many studies revealed significant discrepancies between clinical response assessments and final pathology (7) (8) (9) .
A recent study (10) evaluating palpation, mammography, ultrasound, and MRI showed 19%, 26%, 35%, and 71% agreement, respectively, with pathological response. Functional measurements based on contrast-enhanced MRI (11) , magnetic resonance spectroscopy (12, 13) , and positron-emission tomography (14, 15) have shown substantial improvement over conventional anatomic assessment methods. However, these techniques can be difficult to perform in advanced-stage cancer patients because of lengthy scan times and the use of exogenous contrast, particularly if frequent measurements are desired.
Diffuse optical spectroscopy (DOS) is a noninvasive, bedside technique that quantitatively measures near-infrared (NIR) absorption and reduced scattering spectra. Absorption spectra determine the tissue concentration (ct) of oxygenated (ctO 2 Hb) and deoxygenated hemoglobin (ctHHb), water (ctH 2 O), and bulk lipid, the dominant NIR molecular absorbers in breast. DOS does not require exogenous contrast and rapidly (e.g., tens of seconds) provides quantitative, functional information about tumor biochemical composition, making it desirable from a patient perspective. Typically DOS samples a low number of spatial locations with a large spectral bandwidth. In contrast, diffuse optical imaging (DOI) typically samples a large number of spatial locations but with low spectral bandwidth. The relationship between DOS and DOI is comparable to that of magnetic resonance spectroscopy and MRI.
We recently reported the use of DOS to track tumor response to neoadjuvant chemotherapy in a human subject (16) . DOS measurements were performed during neoadjuvant chemotherapy treatments, similar to the ones reported here. Changes in tissue biochemical composition were quantified over a three-cycle, 68-day adriamycin/cytoxan (A/C) regimen. Significant reductions in total tumor hemoglobin (ctTHb) and water content of 56% and 67%, respectively, were observed by the final treatment (17) . Lipids increased by nearly 28%. Recent DOI studies supported these findings by coregistration with established imaging techniques after long-term treatment (18) (19) (20) .
An important finding in Jakubowski et al. (16) was that significant changes in NIR optical properties occurred within a few days of the initial treatment. In this article, we report results from an expanded 11-patient study focused on correlations between tumor functional properties and final pathological response. Our goal is to provide quantitative functional information that could be used both before and during therapy to optimize individual patient response, evaluate novel dosing regimens, and assist the development of experimental therapeutics.
Results
Tumor Versus Normal Spectra. NIR spectra of breast tissues were acquired noninvasively with a handheld probe (Fig. 1) at discrete locations. Typical NIR diffuse optical spectra of normal and tumor tissues are provided in Fig. 2 from a 31-year-old surgically postmenopausal patient in this study with a 30-mm carcinoma. In Fig.  2 Left, the dots are the measured absorption spectrum and the solid lines are compositional fits using ctHHb, ctO 2 Hb, ctH 2 O, and lipids. In Fig. 2 Right, the dots are the discrete frequency-domain reduced scattering measurements, and the solid lines are the results of a power-law fit over the entire NIR spectrum. The measured tumor spectra correspond to a single linescan location over the tumor, whereas the normal spectra correspond to the same region on the contralateral normal breast. The error bars are plotted every 50 nm for clarity and represent the standard deviation of two independent linescan measurements.
NIR spectra demonstrate distinct differences between tumor and normal tissues. Below 850 nm, tumor absorption is increased relative to normal due to ctHHb and ctH 2 O increases. At wavelengths in the vicinity of 980 nm, where there is a water absorption peak from OOH vibrational overtones, the heightened tumor absorption is also evident. The peak in the normal absorption spectrum at 930 nm is representative of vibrational overtones of lipid COH bonds. This prominent lipid peak is typically reduced in tumor tissues (21) .
The wavelength-dependent tissue scattering (i.e., the scatter power, SP) also differs substantially between tumor and normal tissues. The tumor-scattering spectrum in Fig. 2 Right decays more rapidly than in normal tissue, suggesting alterations in scattering center density and size (21) (22) (23) . Similar effects have been observed for in vitro light scattering studies of malignant cell suspensions, although in vivo the extracellular matrix also contributes to scattering (21, 22) .
The spatial variations of both ctH 2 O and ctHHb are demonstrated in Fig. 3 on the same patient as Fig. 2 . Error bars represent the standard deviation of two independent linescans. The concentrations of tissue chromophores are calculated from the absorption spectrum measured at each linescan location (i.e., Fig. 2 ). The general spectral features revealed in Fig. 2 predict large ctH 2 O and ctHHb increases in tumor relative to contralateral normal tissues. The physiological perturbation of the tumor, centered at ϩ10 mm, extends beyond the ϩ30 mm spatial extent of the lesion itself. The perturbation in tissue physiology caused by this tumor is far greater than both normal tissue physiological variation or measurement errors.
General Tumor Functional Properties. The optically measured functional characteristics of all 11 tumors before treatment are summarized in Table 1 . The first is the average value of the DOSparameter on the contralateral normal side (normal), which was assumed to be normal tissue unless otherwise suggested in clinical and radiological reports (i.e., the average of all normal linescan points in Fig. 3 ). The second value in Table 1 is the peak value of (Right) The sharp spectral decrease in scattering for tumor tissue is likely due to increases in both cellular density and fibrous tissue in tumor tissue relative to normal breast tissue. Tumor spectra were obtained from the ϩ10-mm position, whereas the normal spectra were taken from the corresponding contralateral position on the normal side. Error bars are the variation from two independent linescans (plotted every 50 nm for clarity). the tumor linescan (tumor max), which was assumed to be the best representative location of the tumor (i.e., the ϩ10-mm tumor linescan location in Fig. 3 ). The Z value is the result of a two-tailed nonparametric Wilcoxon rank sums test, where significance was assumed to be 0.05. Error bars represent the standard deviation of the population (i.e., not the standard error). We found that tumor max was significantly different from normal, as expected. Tumor/normal differences were found to be significant for all DOS-measured parameters. These trends were confirmed in a more detailed analysis of 58 patients (21). Similar results have been observed in clinical studies with discrete wavelength instruments that are primarily sensitive to hemoglobin (24) (25) (26) (27) (28) .
In general, no statistically significant differences between baseline optical properties were found between responder and nonresponder groups. However, we did observe that the ratio of tumorto-normal (T/N) ctO 2 Hb was significantly higher (Z ϭ 0.023) in the responder group (T/N ϭ 2.82 Ϯ 0.44) than in the nonresponder group (T/N ϭ 1.82 Ϯ 0.49).
Sensitivity to Chemotherapy: Binary Classification. Fig. 4 shows the changes resulting from neoadjuvant chemotherapy measured in ctHHb, ctO 2 Hb, ctH 2 O, and tissue hemoglobin saturation (stO 2 ϭ ctO 2 Hb/ctTHb) for each subject, stratified by a binary pathological response classification of responder vs. nonresponder (see Materials and Methods). Each line represents one patient, where the two points correspond to DOS measurements taken within a week before and within a week after neoadjuvant chemotherapy. The points are the value of a DOS parameter averaged over the tumor region, which was several linescan points. ctO 2 Hb drops from baseline in all patients, whereas ctHHb drops only in all responder patients. ctH 2 O for the most part decreases for responders and remains constant for nonresponders. stO 2 generally decreases for all patients. Error bars are not shown for clarity, but are comparable to those in Fig. 3 (Ϸ5-10%). Table 2 summarizes neoadjuvant chemotherapy effects on all five measured base parameters, averaged by response category. The best predictor of therapeutic response was ctHHb. The average ctHHb relative value drop was 27% (0.73 Ϯ 0.17) in responders, which was significantly different from nonresponders (1.02 Ϯ 0.05) (Z ϭ 0.008, two-tailed, 95% confidence). ctO 2 Hb also decreased significantly after therapy (Z ϭ 0.02). Unlike ctHHb, both groups dropped in ctO 2 Hb: nonresponders by 18% (0.82 Ϯ 0.10) and responders by 33% (0.67 Ϯ 0.06). These findings suggest that chemotherapy-induced alterations in ctHHb may be a more sensitive index of cellular oxygen consumption and local metabolism. In contrast, ctO 2 Hb levels are likely to be more reflective of global vascular effects (16) . Thus, the additional 25% drop in ctO 2 Hb for responders (i.e., from 18% to 33%) is likely caused by therapyinduced changes to tumor microvasculature.
ctH 2 O also changed in response to neoadjuvant chemotherapy. For the nonresponder group, ctH 2 O values remained nearly constant (0.96 Ϯ 0.03), whereas for the responder group, ctH 2 O decreased (0.89 Ϯ 0.2). The difference between these changes was not statistically significant (Z ϭ 0.4). In some cases, ctH 2 O increased after therapy [an effect previously seen (16)], and in other cases ctH 2 O arrived at a peak value a few days after therapy only to decrease below baseline 1 week later. If we consider the absolute value of the change from baseline, we then discover that relative ctH 2 O changes (20%) are significant (Z ϭ 0.008). The dynamics of this ctH 2 O increase and subsequent decrease is likely caused by individual variations in tumor drug response, edema, and necrosis.
Both SP and lipids changed after therapy, but not in statistically significant fashion (Z ϭ 0.93 and 0.41, respectively). Lipid changes were the most volatile, increasing slightly in both cases. We observed a slightly higher increase in lipids in the responder population than in the nonresponder population, but the difference was not statistically significant. Similarly, we observed a decrease in SP in responders relative to nonresponders.
Observed changes in the tumors of responders cannot be accounted for by measurement errors, menstrual cycle variations, or other physiological variations. Each patient served as her own control using measurements from the contralateral normal side. For responders, changes in tumor ctHHb, ctO 2 Hb, and ctH 2 O were significantly different from fluctuations measured in contralateral normal breast tissues for each patient. Normal variations generally affect the entire linescan, and thus preserve the absolute change of tumor values relative to the baseline. In addition, the greatest changes were always in the breast region identified as the tumor. On average, across the population changes in tumor ctHHb, ctO 2 Hb, and ctH 2 O were significant relative to changes in normal tissues (Z ϭ 0.008, 0.008, and 0.011, respectively). In addition, measurements of ctTHb decreased in all six responder subjects (Fig. 4) .
Predicting Pathological Response. Table 3 displays the results of discrimination analysis using DOS-measured parameters as the predictors, assuming an equal probability for response and nonresponse. Calculations of sensitivity and specificity were determined by the success of the discriminant function to predict the known final pathological response. The results of a single-parameter analysis show that ctHHb is the best response predictor, followed by relative changes in ctH 2 O. One patient of 11 was misclassified when using only ctHHb as a predictor. ctO 2 Hb also performed well in this limited sample. Parameters that report more on tissue structure (i.e., lipids and SP) were not good single predictors, because more time is needed before tumor size changes are detectable. If we use a second parameter in the discrimination analysis (e.g., relative water changes and ctHHb), we find that perfect classification can be achieved (i.e., 100% sensitivity and 100% specificity). Results will naturally improve by combining strong predictors. However, not all combinations of basis components were successful. For example, two commonly used hemodynamic indices, ctTHb (ϭ ctHHbϩctO 2 Hb) and stO 2 (ϭ ctO 2 Hb/ctTHbϫ100%) yielded mixed results. As single predictors, ctTHb yielded 100% sensitivity and 100% specificity whereas stO 2 was inadequate. stO 2 has received much attention because it is based on relative values, yet our analysis suggests that stO 2 alone is not a good predictor of pathological response. Because it appears that ctHHb and ctH 2 O are independent of systemic chemotherapy effects, the combination of ctHHb and ctH 2 O may in general serve as a better indicator of response than ctHHb and ctO 2 Hb.
Discussion
Medical diagnostic techniques based on NIR transillumination were first introduced in the 1920s to detect breast cancer (29) . Although NIR light penetrates tissue to depths of several centimeters, early methods were not successful because these approaches were qualitative and did not account for distortions from multiple light scattering. Current DOI and DOS technologies make it possible to separate light absorption from scattering and quantify subtle changes in biochemical composition in thick tissues. While the spatial resolution of DOS is inferior to conventional anatomic imaging methods, patients undergoing neoadjuvant chemotherapy have large, well localized tumors (e.g., Ϸ2-10 cm). Consequently, their position is known a priori, and DOS measurements can be optimized for sensitivity to tumor functional changes rather than size or volumetric changes that may occur later in the treatment (30) .
Previous work suggests that early tumor biochemical alterations are predictive of pathological response. Significant biochemical changes were observed within 24 h posttherapy in a murine mammary adenocarcinoma model using 31 P-magnetic resonance spectroscopy (31) . Increases in apoptosis resulting from chemotherapy have been observed in solid tumors via biopsy within 24 h posttherapy (32) . Although dynamics vary, apoptotic activity peaks within 4 days posttreatment, as measured by serial fine needle aspiration (33) . Apoptotic activity 24 h posttherapy is not necessarily a good predictor of final pathological response or survival (34) . A similar trend has been observed for diminished proliferation, as measured by Ki67 immunohistochemical assays (32) (33) (34) . However, a combination of apoptosis and proliferation markers, termed the growth index, appears to be an excellent predictor of response (34) .
Anthracycline derivatives, such as the doxorubicin used in this trial, have been found to induce both an early increase in apoptotic activity and a decrease in proliferation (35) . We expect that cellular assays will correlate with DOS functional measurements of biochemical changes within 1 week posttherapy. The nature of these response dynamics may require daily monitoring early in the treatment cycle, as evidenced by Archer et al. (34) and our own observations of water fluctuations.
A key question is whether early apoptotic and proliferative changes produce macroscopically detectable light-scattering signals that are predictive of pathological response. DOS, which relies solely on endogenous contrast in this study, does not directly measure proliferation or apoptosis. However, DOS-measured tissue hemoglobin (36) is representative of tumor microvasculature (37) , which is sensitive to cellular metabolism.
The overall decrease in ctTHb is a consequence of alterations in tumor cell metabolism, blood vessel density, and systemic effects. These processes can be separated, in part, by considering ctO 2 Hb and ctHHb independently. The ctO 2 Hb decrease can be attributed primarily to vascular supply, while ctHHb is representative of tumor tissue oxygen consumption. As tumor cells undergo apoptosis and reduce proliferation, oxygen delivery and consumption diminish. DOS is sensitive to these events, as indicated by the drop in ctO 2 Hb and ctHHb levels, respectively. With increased cell death, the loss of oxygen consuming sources (i.e., cells) causes tumor ctHHb levels to drop even further. Although we have provided endogenous measurements of tumor ctTHb, additional information about tumor hemodynamics (i.e., flow) could be helpful for assessing therapeutic response. This is especially important because a more complete metabolic picture can be formed from ctHHb, ctO 2 Hb, and flow (38, 39) .
The role of microvascular changes in chemotherapeutic response prediction has provided mixed results. Small decreases in tumor microvessel density (MVD) have been observed when comparing pretreatment (i.e., baseline) to presurgery. However, these results failed to demonstrate significant differences between responders based on MVD (40). Positron-emission tomography studies have shown that tumor blood blow changes 2 months posttherapy relative to baseline are predictive of patient response to chemotherapy and patient survival (15) . Other studies have shown that systemic total hemoglobin levels correlate with response (41) . Perhaps more important is the hemoglobin available to the tumor, which DOS measures directly.
Tumor ctH 2 O also has important biochemical significance that has not been used in optical studies of tumors. Insight into ctH 2 O can be derived from MRI studies of the apparent diffusion coefficient of water (ADC w ). The ADC w correlates with cellular density in several tissues, including brain (42) (43) (44) , breast (45) (46) (47) , and bone marrow (48) . Detailed studies using human melanoma xenografts (49) and breast tumor animal models (50) have supported these findings. The ADC w also relates to cellular pathology (48, 51) . Optically detected changes in ctH 2 O may represent subtle variations in tumor cell density and edema, where reductions in tumor water imply diminished cellularity due to cell death (52) . Recent studies in murine tumor models support this concept and suggest that changes in the ADC w reflect tumor therapeutic response (53) .
Although our study suggests that early changes in NIR-measured tumor physiology can predict final pathological response, predicting pathological response before therapy is equally challenging and desirable. To explore this possibility, we compared pretreatment DOS parameters for responders and nonresponders. Significantly higher tumor-to-normal ctO 2 Hb ratios were found in the responder population (Z ϭ 0.023). This elevated ratio reflects increased tumor blood supply and oxygen availability, factors that are likely to improve drug delivery and utilization. Our preliminary observation obtained using noninvasive technology supports previous research that tumor blood flow, oxygenation, and metabolism can significantly influence therapeutic efficacy (54) .
The overall discrimination analysis results are encouraging but preliminary. It is not surprising that ctHHb is the best single predictor of response. Parameters that report primarily on tissue matrix (bulk lipid and SP) were not strong predictors of pathological 
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response because within 1 week of therapy, gross tumor size changes are typically not observed. Generally, any parameter combined with ctHHb yielded perfect or near-perfect classification results. However, the use of ctO 2 Hb yielded perfect classification only when used in combination with ctHHb. It is tempting to further stratify final pathological response (i.e., complete pathological response, partial pathological response, nonpathological response), but this is not possible with our population distribution. It is possible that additional clinical information (i.e., pretherapy biopsies) may be important for improving results in a significantly larger patient population. We suspect that a more detailed analysis of the ctHHb, ctO 2 Hb, and ctH 2 O kinetics within the early stages of therapy may help stratify final pathological response.
Conclusion
Endogenous in vivo optical biomarkers can predict pathological response in treated tumors. Although these parameters lack the specificity of conventional gene or protein-based biomarkers, DOS measurements of biochemical composition report ''downstream'' tissue vascular and cellular physiology. These quantitative functional endpoints have practical clinical potential to predict therapeutic outcome and minimize patient toxicity. In addition, DOS and DOI can be used as translational research tools in humans and preclinical animal models to facilitate drug discovery and develop individualized therapeutic dosing strategies.
Materials and Methods
Instrument Design. The concepts of our combined frequencydomain (55) and continuous-wave (56) tissue spectrometer system and the specific details of the instrument have been reported (16) . The frequency-domain component of the instrument allowed for absolute quantification of tissue optical properties at discrete wavelengths, while the continuous wave component determined the optical properties at continuous wavelengths across the NIR (650-1,000 nm) spectrum. The frequency-domain portion of the DOS instrument used six commercially available diode laser sources (660, 690, 780, 808, 830, and 850 nm) and an avalanche photodiode (APD) detector. The steady-state portion of the DOS instrument used a fiber-coupled broadband white-light source and a fibercoupled 16-bit, 1,024-pixel, cooled CCD spectrometer. The spectrometer system detected broadband light from 650 to 1,000 nm with 8-nm spectral resolution. A handheld probe incorporated all source optical fibers and the APD and spectrometer detector fiber. A reflectance geometry with a 28-mm source detector separation was used. Measurements were performed by using a timing technique with 20 mW of optical power incident to the tissue per source. Frequency-domain instrumental artifacts were removed by calibrating with a tissue-simulating phantom with known absorption and scattering properties. Spectral artifacts were removed by calibrating on a spectraflect-coated integrating sphere. Measurement linescans were generated by moving the probe to a set of discrete positions in either 5-or 10-mm steps (Fig. 1) . Tumor locations were known a priori from mammography, ultrasound, and palpation. Full absorption and reduced scattering spectra were measured at each grid location, as indicated in Fig. 1 . A complete measurement of tissue absorption and scattering spectra required 30-45 s at each linescan location. Linescans were repeated twice at each location to evaluate placement errors. The fraction of tumor to normal tissue sampled by the light depended on the tissue optical properties and the lesion depth. The region of maximum contrast (tumor maximum) was assumed to be the best representation of the tumor.
Measured Information. Calculations using the Beer-Lambert law and known absorber extinction coefficients were used to convert the absorption spectra (Fig. 2 Left) into the tissue concentrations of ctHHb (M), ctO 2 Hb (M), ctH 2 O (%), and bulk lipids (%), which are the primary NIR absorbers in breast tissue (57) . ctH 2 O is the concentration of measured tissue water divided by pure water concentration (55.6 M). Tissue bulk lipids are reported as relative to an assumed ''pure'' lipid density of 0.9 g⅐ml Ϫ1 . Reported water and bulk lipid percentages are relative figures of merit compared with pure solutions of the substance and are neither strict volumes nor add up to 100%. Tissue reduced scattering properties are reported as the results of a power-law fit to the measured frequencydomain reduced scattering (22) . The absolute value of the exponent from this fit is termed the SP. The SP is related to the size of the tissue scattering particles in relation to the optical wavelength.
Patient Characteristics. Eleven cancer patients receiving neoadjuvant chemotherapy were studied. All subjects provided informed written consent according to an institution-approved protocol (University of California Irvine 02-2306). The average subject age was 47.4 Ϯ 11.4 years with a range of 30 to 65, and the average body mass index was 28.8 Ϯ 5.6 with a range of 21.6 to 41.2. Before treatment, the average tumor maximum-length axis was 37 Ϯ 23 mm, with a median of 30 mm, and a range of 18 to 95 mm. Two subjects were premenopausal, and the remaining nine were postmenopausal.
Final pathological response was determined from standard pathology. Initial lesion sizes were determined by ultrasound. Pathological response was stratified into a binary classification scheme of responders (n ϭ 6) and nonresponders (n ϭ 5). Consistent with radiological definitions, responders were defined as subjects with Ͼ50% change in the maximum-tumor axis in final pathology dimensions relative to the initial maximum axis dimension. The remaining subjects were considered to be nonresponders. Although pathological and radiological tumor sizes may not agree, the general trends are preserved.
Under a tertiary classification scheme (58), the breakdown was: complete pathological response (n ϭ 1), partial pathological response (n ϭ 8), and nonpathological response (n ϭ 2). Tertiary/ quaternary response scales present a more realistic gradation scale for pathological assessment, although these scales are still far from quantitative. It is desirous to represent these more realistic gradation scales, but low patient numbers do not permit a proper statistical analysis.
Chemotherapy Treatment Sequence. Nine of the 11 patients were treated with three to four cycles of A/C therapy, followed by three to four cycles of taxanes. The remaining 2 subjects received three cycles of A/C therapy without the taxanes. Each chemotherapy cycle lasted 3 weeks. Two additional measured subjects who received this treatment regimen were excluded from this prospective analysis. One subject did not complete the DOS measurements because of illness. The other subject responded poorly to the A/C regimen and was switched to another therapy. All treatment decisions were made using conventional means by the patient's physician.
Measurement Sequence. Linescans were performed within 1 week before and 1 week after the initial A/C treatment (Fig. 1) . Initial DOS measurements were performed 2-4 weeks postbiopsy. At each location, broadband optical absorption and reduced scattering spectra were obtained (Fig. 2) . On average, measurements were performed 1.8 Ϯ 4.5 days before and 6.5 Ϯ 1.4 after the initial A/C therapy. Baseline measurements were performed within 1 week of therapy. The second date was chosen because most patients had DOS measurements near 1 week posttherapy due to scheduling considerations. For all 11 subjects, an average of 10 Ϯ 2 points per DOS linescan were measured. The linescan length was proportional to lesion size. Linescans were geometrically much larger than the tumor dimensions and provided regions of normal breast tissue in the tumor vicinity. We took the points within the FWHM of the linescan peak as the locations that best identified the tumor (6 Ϯ 2 points per tumor, on average). DOS parameters within the FWHM were averaged to give a tumor value (i.e., Fig. 4 ). For the purposes of statistical comparisons (Tables 2 and 3 ), the tumor value was defined as the integral of the DOS parameter over the FWHM. We removed intersubject variations by analyzing the ratio of pretherapy and posttherapy tumor measurements; thus no change has the value of unity. Measurements were also performed on the contralateral normal breast to serve as a measure of normal physiological variations, although the effects of chemotherapy are not localized. Thus, patients served as their own controls.
Statistical Considerations. Comparisons between the two responder groups were performed by using nonparametric Wilcoxon rank sums or Kruskal-Wallis tests for two and three group comparisons, respectively. Significance was assumed at a confidence interval of 95% (␣ ϭ 0.05) for a two-tailed distribution in the Wilcoxon rank sums tests. We further assumed that all measurements were independent. All statistical calculations were performed with commercial software (JMP IN; SAS Institute, Cary, NC). Error bars for population data were the population standard deviation.
Discrimination analysis was also used to distinguish the two response groups based on the DOS measurements. The discrimination algorithm calculated a threshold score based on predictor values. We considered the DOS basis set (ctHHb, ctO 2 Hb, ctH 2 O, lipid, SP) as predictors. Normality violations for each basis parameter considered were not found to be significant with the ShapiroWilk test. We considered predictors that were simple functions of the base DOS parameters to retain physiological meaning. Only single-and dual-predictor variables were used because there were only two classification groups.
